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ABSTRACT
Disk reverberation mapping of a handful of nearby AGN suggest accretion disk sizes
which are a factor few too large for their luminosities, apparently at odds with the
standard model. Here, we investigate the likely contribution to the measured delay
signature of diffuse continuum emission arising from broad line region gas. We start
by constructing spherically symmetric pressure-law BLR models (i.e., P (r) ∝ r−s)
that approximately reproduce the observed emission line fluxes of the strong UV–
optical emission-lines in the best-studied source, NGC 5548. We then determine the
contribution of the diffuse continuum to the measured continuum flux and inter-
band delays, accounting for the observed variability behaviour of the ionizing nuclear
continuum. Those pressure-law models that approximately reproduce the observed
emission-line luminosities unavoidably produce substantial diffuse continuum emis-
sion. This causes a significant contamination of the disk reverberation signature (i.e.,
wavelength-dependent continuum delays). Qualitatively, the diffuse continuum delay
signatures produced by our models resemble that observed for NGC 5548, including
the deviation of the lag spectrum above that of a simple power-law in wavelength,
short-ward of the Balmer and Paschen jumps. Furthermore, for reasonable estimates
of the BLR covering fraction, the delay induced by diffuse continuum emission causes
elevated inter-band delays over the entire UV–optical regime; for these pressure-law
models, there are no ‘disk-dominated’ wavelength intervals. Thus, the diffuse contin-
uum contribution must be taken into account in order to correctly infer AGN accretion
disk sizes based on inter-band continuum delays.
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1 INTRODUCTION
The immense energy outputs of active galactic nuclei (AGN)
are ultimately fueled by gas accretion onto supermassive
black holes (e.g., Lynden-Bell & Rees 1971), which reside
at the centres of most - perhaps all - massive galax-
ies (e.g., Kormendy & Gebhardt 2001). Thus, supermassive
black holes in the local Universe probably achieved their
current masses through bouts of AGN activity. The de-
tails of these accretion episodes are not well-understood.
The in-falling gas is thought to form an accretion disk that
heats up and emits much of the observed continuum radi-
ation; Shakura & Sunyaev (1973) develop the standard α-
disk model of steady-state disk accretion, originally in the
context of X-ray binaries. The nuclear continuum in turn ex-
cites fast moving gas (clouds) near the central engine, which
emit the observed broad emission lines (BEL); these clouds
reside in the so-called broad line region (BLR). On larger
scales, the nuclear continuum also excites the dusty obscur-
ing structure (e.g., Antonucci 1993) to produce the infrared
dust emission feature (e.g., Barvainis 1987), and excites gas
in the host galaxy bulge to produce the narrow emission
lines, the kinematics of which are dominated by the host
galaxy potential (e.g., Nelson & Whittle 1996).
The large distances to AGN, coupled with the small
sizes of their central regions means that the central regions
of AGN remain unresolved, even for the nearest objects,
defying scrutiny using conventional techniques (e.g, direct
imaging). Indirect methods must therefore be used to probe
their internal structure. Reverberation mapping (hereafter,
RM) (Blandford & McKee 1982) is one such method, and
has proven a particularly powerful probe of the central re-
gions of AGN. In its traditional form, RM utilizes corre-
lations between continuum and emission-line variations to
map the spatial distribution and (with high quality velocity-
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resolved data) the kinematics of the broad emission-line gas
(e.g., Bentz et al. 2010b; Denney et al. 2010; Skielboe et al.
2015). This has revealed a compact, yet spatially extended
BLR, sitting deep within the gravitational potential of the
central supermassive black hole. RM studies of multiple
emission lines, spanning a broad range in ionization state
in a handful of individual sources, suggest that the BLR
is radially stratified, with strong gradients in gas density
and/or ionization. Importantly, the gas appears to be largely
virialized (Peterson & Wandel 1999), a property that when
coupled to measured BLR sizes (Peterson et al. 2004) has
been usefully exploited to measure the mass of the cen-
tral supermassive black hole in ≈ 60, mostly nearby, AGN
(Bentz & Katz 2015). On-going multi-object spectroscopic
surveys (e.g., Shen et al. 2015; King et al. 2015) should
vastly increase the number of reverberation mapped AGN,
albeit at reduced fidelity, and importantly, extend the num-
ber of objects for which black hole mass estimates are avail-
able to higher luminosity and redshift.
1.1 Disk reverberation mapping
More recently, correlated multi-wavelength inter-band con-
tinuum variations have been used to test the standard model
for accretion (Collier et al. 2001; Collier & Peterson 2001;
Sergeev et al. 2005; Cackett et al. 2007; Troyer et al. 2016;
Edelson et al. 2017, see also §1.2), with some surprising re-
sults. With a few assumptions (a standard α-disk irradiated
from above by a compact variable X-ray emitting source),
the wavelength-dependent variations reveal the disk radial
temperature profile T (R) and, if the black hole mass is
known, the mass accretion rate through the disk. Formally,
in the standard model the inter-band continuum delays τ (λ)
increase with increasing wavelength λ according to
τ (λ) ∝ (MM˙)1/3λ4/3 (1)
(e.g., Fausnaugh et al. 2016), where M is the black hole
mass, and M˙ the mass accretion rate through the disk.
However, results from the most intensive multi-wavelength
monitoring campaigns (most notably NGC 5548, see §1.2)
reveal continuum inter-band delays which are too large
(by a factor of a few) for an α-disk emitting at the
observed luminosity (Edelson et al. 2015; Fausnaugh et al.
2016; Edelson et al. 2017; Starkey et al. 2017; Cackett et al.
2018; Fausnaugh et al. 2018). That is, the standard model
for accretion developed for accreting binaries may be in-
correct when applied to AGN. Similarly, quasar microlens-
ing studies also point to larger than expected disk sizes
(Poindexter et al. 2008; Morgan et al. 2010; Mosquera et al.
2013).
So, are AGN accretion disks non-standard? In order
to address this question it is crucial that all known vari-
able contributions to the measured continuum bands are
properly accounted for. Since the nuclear regions are un-
resolved, there will be additional contributions to the mea-
sured disk continuum emission, some of which may vary.
Known contaminants include: the non-variable contributions
to the observed continuum emission from stars in the host
galaxy, and the variable broad emission lines. The latter
are particularly problematic for broad band photometric
data. Their contributions to the observed delays may be es-
timated given an estimate of the BEL delays, together with
the relative flux contribution to the filter bandpass, as de-
termined from single epoch spectra (e.g., Fausnaugh et al.
2016). However, a factor often neglected from these stud-
ies is the possibly substantial contribution to the contin-
uum bands by variable continuum emission arising from the
same gas responsible for emitting the broad emission-lines,
the so-called diffuse continuum component (hereafter, DC)1
(e.g., Korista & Goad 2001). As noted by Korista & Goad
(2001), the DC component, if significant, introduces a delay
signature which broadly mimics the disk continuum inter-
band delays, with delays generally increasing with increas-
ing wavelength. Importantly, these authors show that the
DC emission introduces a delay signature over and above
that arising from simple disk reprocessing, particularly in
the Balmer and Paschen continua. This contaminant may
be partially responsible for the larger than expected disk
sizes. Thus, interpreting the measured continuum interband
delays (and thus disk sizes) solely in terms of a simple disk
reprocessing scenario is formally incorrect.
1.2 AGN STORM Monitoring of NGC 5548: a
Test-bed for AGN Accretion Disk Physics
NGC 5548 is a low-redshift (z = 0.01718) Seyfert 1.5 galaxy
that has been a target of multiple RM campaigns, includ-
ing the 13-year AGN Watch campaign (Clavel et al. 1991;
Krolik et al. 1991; Korista et al. 1995; Peterson et al. 2002).
In 2014, the AGN Space Telescope and Optical Reverberation
Mapping (AGN STORM; Peterson, PI) campaign observed
NGC 5548 using the Hubble Space Telescope, obtaining 171
usable epochs with ≈ daily cadence (De Rosa et al. 2015).
The target was observed concurrently in the UV-optical to
X-ray regime using Swift (Edelson et al. 2015) and in the op-
tical from ground-based observatories spanning a range in
longitude (Fausnaugh et al. 2016; Pei et al. 2017). In terms
of cadence and spectral coverage, the AGN STORM pro-
gram is arguably the most intensive RM campaign to date.
Key findings of the AGN STORM campaign on NGC 5548
include:
• The response of the BELs appear to ‘decouple’ from
the continuum variations during a substantial portion of the
2014 campaign, showing very little response to the UV con-
tinuum variations (De Rosa et al. 2015; Goad et al. 2016).
• The lags obtained during the ‘coupled’ portion of the
campaign suggest BLR size scales substantially smaller than
those expected given the global BLR radius-luminosity re-
lation (Pei et al. 2017), or indeed, the single-object radius-
luminosity relation for NGC 5548 (Kilerci Eser et al. 2015).
• High-cadence Swift UVOT monitoring reveals
inter-band continuum delays (Edelson et al. 2015;
Fausnaugh et al. 2016). These delays generally increase
with increasing wavelength and are broadly consistent with
a τ (λ) ∝ λ4/3 dependency (Equation 1). However, they are
larger (by a factor of a few) than those predicted given the
1 The narrow line region will also emit a diffuse continuum com-
ponent, though the size scales for the NLR would imply that their
contribution, as for the narrow emission-lines, is non-variable on
the timescales relevant to RM campaigns.
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estimated M and M˙ for NGC 5548 (Fausnaugh et al. 2016;
Starkey et al. 2017). Thus, if the measured delays are solely
due to disk reprocessing, the disk in NGC 5548 is larger
than predicted by the standard α-disk model.
• The continuum lag for the Swift U band, which sam-
ples the continuum in the vicinity of the Balmer jump, is
elevated relative to the best-fit τ (λ) ∝ λ4/3 delay model
(Edelson et al. 2015; Fausnaugh et al. 2016).
1.3 Outline of this Work
Here, we determine the likely contribution of the diffuse con-
tinuum emission from BLR gas to the measured continuum
inter-band delays for AGN. We use the well-studied source
NGC 5548 (§1.2) as a test case. Of particular relevance to
this work is the larger than expected UV–optical inter-band
continuum delays measured during the AGN STORM 2014
campaign. These delays may be affected by DC emission, as
evidenced by the elevated lag signal near the Balmer jump.
Our intention is not to model the AGN STORM 2014 data
in detail. Rather, by constructing a straw-man model which
approximately reproduces the observed emission-line lumi-
nosities of the strongest UV and optical emission lines in
NGC 5548, we aim to quantify the DC contribution aris-
ing from its BLR, both in terms of flux and variability be-
haviour, and thereby assess its influence on the measured
inter-band continuum delays. This prepares the necessary
groundwork for more detailed models of NGC 5548 and
other AGN at comparable luminosities.
While studies of inter-band continuum delays exist
even for quasar-luminosity objects (Mudd et al. 2017), the
highest-cadence RM data available are for lower-luminosity
AGN in the local Universe. Thus, we expect our modeling
results to be broadly relevant to current and future studies of
disk inter-band delays. We proceed as follows: in §2 we con-
struct a model BLR for which the run of gas physics with ra-
dius is completely specified by a simple radial pressure-law,
P ∝ r−s (Rees et al. 1989; Netzer et al. 1992; Goad et al.
1993; Kaspi & Netzer 1999). We then use photoionization
calculations to determine the emergent emission-line fluxes
ǫ(r) as a function of radial distance r, integrating over the
cloud distribution to determine the total emission-line lumi-
nosities (§3). We investigate both constant ionization and
constant density models, and assess their ability to match
the gross properties (i.e., BEL luminosities, their ratios,
and their variability timescales) of the strongest UV–optical
broad emission-lines (§4.1). From these same models, we
then compute the wavelength-dependent flux and delay dis-
tribution of the DC emission (§4.3), and its dependence
on the density and ionization state of the BLR gas (§4.4).
Finally, we perform Monte Carlo calculations, driving our
model BLR with simulated continuum lightcurves, in or-
der to estimate the measured delays of both the BEL and
the diffuse continuum bands, and their dependence on the
characteristics (amplitude and variability timescale) of the
driving continuum lightcurve (§5). We make a rough esti-
mate of the total continuum lag spectrum (including that
due to reprocessing in an α-disk), and compare with the
measured delays for NGC 5548, in §6. In what follows we
adopt a luminosity distance DL = 72.5 Mpc to NGC 5548
(Bentz & Katz 2015), assuming a Λ CDM cosmology with
ΩΛ = 0.7 and ΩM = 0.3.
2 PRESSURE-LAW BROAD-LINE REGION
MODELS
We refer to models for which the pressure P depends on the
radial distance r from the central continuum source,
P (r) ∝ r−s , (2)
as pressure-law models. In this work we examine two lim-
iting cases, s = 0 and s = 2, representing constant density
and constant ionization parameter models, respectively. We
here adopt a spherically symmetric BLR geometry spanning
more than two decades in radial extent. This model is chosen
for (i) its simplicity, and because (ii) we can compare our ra-
dial pressure-law models with the Local Optimally emitting
Cloud model for this source presented by Korista & Goad
(2001), which also adopts spherical symmetry. Here, we sum-
marize the radial dependencies of various physical quantities
for spherically symmetric pressure-law models; the deriva-
tions in this section follow Goad et al. (1993) and Rees et al.
(1989). We make the simplifying assumption that the cloud
temperature does not vary with radius; for solar compo-
sition, photoionization equilibrium is achieved at tempera-
tures T ∼ 104 K across a wide range of ionization parameter
(Equation 5), and the gas temperature will therefore vary
weakly with radius (e.g., Netzer 1990; Ilic´ et al. 2009). For
constant cloud temperatures, the cloud hydrogen gas density
nH is proportional to the pressure, P, and so
nH(r) ∝ r−s . (3)
Thus, s = 0 corresponds to a constant nH throughout the
BLR. The ionization parameter U is defined as:
U(r) =
QH
nH(r)4πr2c
, (4)
where QH is the number of hydrogen ionizing photons emit-
ted by the central continuum source per second. Thus, s = 2
corresponds to a constant ionization parameter model, since:
U(r) ∝ rs−2 . (5)
The surface area per cloud, Ac, is proportional to R
2
c , where
Rc denotes the radius of a cloud. In general, Rc depends
on the pressure P , and is therefore constant for s = 0. If
we demand that the mass of each cloud is conserved as the
clouds move radially outwards (i.e., clouds do not break up
or coalesce within our region of interest), mass conservation
implies that R3cnH = constant. Thus, we obtain the relation
Ac(r) ∝ R2c(r) ∝ r2s/3 . (6)
The column density of each cloud, Ncol, depends on the gas
density and cloud radius:
Ncol(r) ∝ RcnH ∝ r−2s/3 . (7)
The above relations determine the local physical conditions,
as parameterized by Ncol, nH and incident ionizing photon
flux ΦH, at any radius in a spherically symmetric pressure-
law BLR model. These conditions determine the local sur-
face emissivity ǫ(r) of a BLR cloud at radius r (as deter-
mined via Cloudymodeling, §3.1). The total luminosity for
MNRAS 000, 000–000 (0000)
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an emission line is then found by integrating over the distri-
bution in cloud properties such that:
Lline = 4π
∫ rout
rin
ǫ(r)Ac(r)nc(r)r
2dr , (8)
where rin and rout are the inner and outer BLR radii
respectively, Ac is the surface area of a single cloud, and
nc is the local number density of clouds. As dust grains
strongly absorb UV photons, rout is chosen to approxi-
mately coincide with the distance at which dust grains can
form and survive (≈ 140 light days for NGC 5548).
Finally we determine the local cloud surface area, d(Acnc).
Given our assumption that clouds do not break up or coa-
lesce, mass conservation implies that the term ncvr
2 is con-
stant, for cloud velocity v. We make the additional sim-
plifying assumption that the clouds are in virial motion
(v(r) ∝ r−1/2). In that case, a cloud number density dis-
tribution nc(r) ∝ r−3/2 fulfills the requirement of mass con-
servation, and the differential covering factor of the BLR
obeys the relation
dC(r) ∝ Ac(r)nc(r)dr ∝ r2s/3−3/2dr . (9)
This allows us to determine a normalization K(s, rin, rout)
for the total line-emitting surface of the clouds, for a given
BLR covering fraction. The luminosity integral becomes:
L = 4πK
∫ rout
rin
ǫ(r)r2s/3+1/2dr , (10)
while the normalization, for Ω = 4π steradians at rout, is
given by
K =
[
2√
rin
− 2√
rout
]
−1
(s = 0)
orK =
5
6
[
r
5/6
out − r5/6in
]
−1
(s = 2) . (11)
3 METHOD: FROM PHOTOIONIZATION
GRIDS TO BLR MODELS
3.1 Photoionization Models for Individual Clouds
To obtain the local surface emissivity ǫ(r) for a cloud lo-
cated at radius r, we generate a grid of photoionization
models using Cloudy version C13.05 (Ferland et al. 2013).
Cloudy performs photoionization modeling of individual
spherical clouds of gas with radius Rc, situated at a ra-
dial distance r from the central ionizing continuum source.
We generate the photoionization models assuming that the
covering fraction for the BLR is small, so that only a sin-
gle reprocessing occurs2, and with r sufficiently large that
the clouds are effectively plane parallel slabs. In that case,
the emission from both the inwards-facing (i.e., directly il-
luminated by the continuum) and outwards-facing surfaces
eventually escapes to infinity. The ratio of inwards-facing to
2 Such geometries are referred to as ‘open’ in the
Cloudymodeling parlance.
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Figure 1. The NGC 5548 continuum SED presented by
Mehdipour et al. (2015), which we use to generate the
Cloudy photoionization grids. The SED is scaled to the source-
frame luminosity based on the observed mean continuum flux
for the 2014 AGN STORM campaign, Fλ(1367A˚)= 42.64± 8.6×
10−15 erg s−1 cm−2 A˚−1, applying the reddening curve presented
by Cardelli et al. (1989) with E(B − V ) = 0.03 and R(v) = 3.1
(as discussed in §4.1), and assuming a luminosity distance of
DL = 72.5 Mpc (Bentz & Katz 2015).
total emission does however, affect the form of the emission-
line response functions (§3.4.2).
For the incident ionizing continuum, we utilize the con-
tinuum SED for NGC 5548 as presented by Mehdipour et al.
(2015) (Figure 1) based on multi-wavelength (X-ray–UV–
optical–IR) observations performed 2013 June – 2014 Febru-
ary. This SED is comprised of: an accretion disk emis-
sion feature, a power-law hard X-ray continuum compo-
nent, and a reflection feature producing the Fe K emission
complex. The hard X-ray component has a photon index
Γ ≈ 1.8, a high-energy cutoff set to Te = 400 keV and a low-
energy cutoff at ∼ 1 keV. The accretion disk component
includes Compton up-scattering of seed photons at temper-
ature Tseed ≈ 0.8 eV in a corona with Tc ≈ 150 keV; this
up-scattering produces the observed soft X-ray excess. Much
of the intrinsic continuum emission responsible for power-
ing the broad emission lines is produced in the unobserv-
able extreme-UV spectral region (photon energies > 1 Ryd),
which for this model is dominated by the Compton up-
scattered accretion disk component.
Our model grids span two decades in hydrogen gas col-
umn density, 22 6 log[Ncol /cm
−2] 6 24, seven decades
in hydrogen gas density, 7 6 log[nH /cm
−3] 6 14, and
seven decades in incident ionizing photon flux, 17 6
log[ΦH /cm
−2s−1] 6 24, with a resolution of 0.25 in the log-
arithm of each of these quantities. For each grid point, we
use Cloudy to obtain the local surface emissivities not only
for an extensive list of atomic transitions, but also for re-
processed continuum emission (the diffuse continuum, DC)
at UV-optical and infra-red wavelengths emitted from the
same gas. For the s = 2 models, given the steady-state lu-
minosity and BLR size for NGC 5548, we subsequently found
that a substantial emission line flux is produced by gas with
log[Ncol /cm
−2]∼ 21.5. For the particular s = 2 BLR we
study in-depth (Model 2, 4.1), we therefore generate addi-
MNRAS 000, 000–000 (0000)
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Figure 2. Example Cloudy photoionization grids for Lyα (left panel) and Civ (right panel), for log[Ncol /cm
−2]=23. The contours
display the total line equivalent width, i.e., the sum of the emission from the directly-illuminated and the outward-facing cloud faces,
normalized to the incident continuum flux at λ1215A˚. The solid curves represent increments of 1 dex in equivalent width, while the
dashed curves show 0.25 dex increments; the lowest contour represents an equivalent width of one. Black triangles show the maximum
value of the line fluxes; black stars indicate the location in (nH,ΦH) space of a representative BLR cloud, that approximately reproduces
the emission-line strengths of Lyα and C iv in a typical AGN (Davidson & Netzer (1979)). Vertical ‘slices’ through these grids represent
constant-density (s = 0) pressure law models, while diagonal slices (at a 45◦ angle to the horizontal) represent constant ionization
parameter (s = 2) models; we note that the latter require an interpolation across multiple Cloudy grids, as Ncol is constant only for
s = 0 pressure laws. The Civ emission line emits most efficiently along a ‘ridge’ centered on an ionization parameter log(U) ∼ −1.5,
while the Lyα emission line emits efficiently at low incident ionizing photon fluxes.
tional Cloudymodels with log[Ncol /cm
−2] > 21, so as to
obtain accurate emissivity and responsivity functions in the
outer BLR.
In Figure 2 we present representative Cloudy emission
line equivalent widths (hereafter, EW), measured relative to
the incident continuum at λ1215A˚ for two of the strongest
observed emission lines, Lyα and C iv, for a fixed hy-
drogen gas column density log[Ncol /cm
−2]=23 cm−2. The
Lyα emission line emits most efficiently at low ioniz-
ing photon fluxes; indeed, its efficiency increases towards
log[ΦH /cm
−2s−1]< 17, the lower limit of the parameter
space probed by our photoionization grids. This implies that
the Hydrogen lines could in principle be produced very effi-
ciently at low ionizing fluxes. However, such conditions are
unlikely to be relevant here: the outer edge of the BLR
is most likely determined by the dust sublimation radius
(at which log[ΦH /cm
−2s−1]> 17), as the ionizing contin-
uum is efficiently absorbed by dust grains. In contrast, high-
ionization lines such as Civ tend to be produced efficiently
along a diagonal ‘ridge’ in (ΦH,nH) space, corresponding
to a particular ionization parameter, U ; for Civ the opti-
mal ionization parameter, i.e., one that passes through the
peak EW, is log(U) ∼ −1.5. We present photoionization
grids for two representative DC bands in Figure 3. These
may be compared to the more extensive model grids of DC
bands presented in Korista & Goad (2001) spanning the en-
tire UV–optical continuum. While their results differ from
ours in detail, mainly due to the use of different ionizing
continua, the gross shapes of their contour plots are similar
to those used here.
In general, the gas becomes overionized at high ioniza-
tion parameters, thus the DC does not emit efficiently at
high ΦH and low nH (upper left regions of the photoioniza-
tion grids), while the DC is not strongly sensitive to ΦH and
nH (hence the widely spaced contour lines) once the ioniza-
tion parameter becomes sufficiently low.
3.2 Extent and Geometry of the Model BLR
In the absence of a clear consensus on the broad line re-
gion geometry, we limit this investigation to spherical BLR
geometries only. Peˆrez et al. (1992b) showed that, in the ab-
sence of additional constraints, a well-determined 1-d trans-
fer function cannot uniquely determine the geometry of the
BLR, while even 2-d transfer functions reveal some ambigu-
ity. For NGC 5548, the highest fidelity reverberation maps
for the strong UV and optical emission lines from the AGN
STORM campaign suggest that the variable BLR may oc-
MNRAS 000, 000–000 (0000)
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Figure 3. Example Cloudy photoionization grids for the diffuse continuum at various UV-optical wavelengths, for log[Ncol /cm
−2]=23.
The contours display the sum of the emission Fλ from the directly-illuminated and the outward-facing cloud faces, normalized to the
incident continuum flux at λ1215A˚. The solid curves represent increments of 1 dex in equivalent width, while the dashed curves show
0.1 dex increments; the lowest contour represents log[λFλ/λFλ(1250 A˚)] = −1. Symbols as Figure 2. At short wavelengths (λ > 2000
A˚) the brightest DC component is electron scattering, mostly free-free, which is most effective at low densities and low ionizing fluxes.
Immediately bluewards of the Balmer break (λ = 3646 A˚), the DC is dominated by Balmer continuum emission, which emits most
effectively at high densities and fairly high ionizing fluxes.
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Figure 4. Cumulative sky coverage (as seen from the continuum
source), as a function of radial distance r, for BLR models with
a total cumulative covering fraction of Ω = 4pi steradians at the
outer radius. For a given Ω, the constant-density (s = 0) models
distribute the clouds at smaller radii relative to the s = 2 models.
cupy a more flattened configuration (Horne, private commu-
nication). Our objective in this paper, however, is simply to
illustrate the dependencies of the flux and lag spectra of the
DC on a range of BLR cloud physical conditions and ra-
dial distributions, as a prelude to more detailed models for
which constraints on the geometry are also included. In this
context, a spherical BLR geometry allows a more intuitive
interpretation of the model flux and delay spectra in terms
of the cloud distribution and local photoionization physics.
Alternative BLR geometries would introduce additional as-
sumptions for which we currently lack strong independent
constraints, e.g., the BLR viewing angle and opening angles.
Adoption of a spherical BLR geometry also aids comparison
with the spherically symmetric locally optimally-emitting
cloud model for NGC 5548 presented by Korista & Goad
(2001). We note that deviations from spherical symmetry
may prove necessary in any future work aimed at reproduc-
ing the observed flux and delay spectra in detail (§6).
For a spherical BLR, the integrated emission-line lumi-
nosities produced by our models depend on our choice of
inner and outer BLR radii (rin and rout), the total covering
fraction at the outer radius (equation 10), and our chosen
normalization, i.e., for a given s, the value of ΦH, nH and
Ncol at some fixed radial distance r. The constant pressure
models (s = 0) distribute a large fraction of the BLR clouds
close to the inner radius (Figure 4). This causes the emission
line luminosities to depend strongly on rin for s = 0 models:
much of the BLR becomes over-ionized as rin decreases, and
the emission line luminosity decreases sharply. The s = 2
models are less sensitive to this effect, as they are con-
stant in ionization parameter, U . In this work, we adopt
MNRAS 000, 000–000 (0000)
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rin=1 light-day, and rout=140 light-days (the approximate
dust sublimation radius, given the luminosity of NGC 5548).
We note that due to the central concentration of BLR clouds
for s = 0, rin cannot be much smaller than 1 light-day if our
constant-density models are to produce the required emis-
sion line luminosities for reasonable values of the total cover-
ing fraction. In their phenomenological BLR model for NGC
5548, Pancoast et al. (2014) find rin = 1.39
+0.80
−1.01 light-days,
consistent with our adopted value.
3.3 Radial Distribution of Clouds:
Our Cloudymodeling assumes that the BLR clouds do not
self-shadow, and that there is no intrinsic reddening of the
nuclear continuum as seen at the inward-facing cloud sur-
face. In that case, the ionizing continuum at the inward-
facing surface of a given cloud scales as r−2. We parameter-
ize the radial dependence of log[ΦH /cm
−2s−1] as
log(r) = −0.5(log[ΦH /cm−2s−1]− 20) + 15.413 + r20 . (12)
Here, r20 is the radius (in light-days) at which
log[ΦH /cm
−2s−1]=20. The value of r20 depends on the con-
tinuum SED and its luminosity. For NGC 5548, r20 ≈
14.8 light-days, as determined using the observed contin-
uum flux, Fλ(1367 A˚) = 42.6(±8.6) × 10−15 erg cm−2 s−1
A˚−1 (De Rosa et al. 2015), corrected for Galactic extinction
adopting E(B − V ) = 0.03 (Korista & Goad 2000 - we dis-
cuss this choice in §4.1), and assuming a luminosity distance
to NGC 5548 of DL = 72.5 Mpc (Bentz & Katz 2015).
In combination with the pressure-law relations (§2),
r20 allows us to convert the emergent surface emissivities
ǫ(ΦH, nH, Ncol) extracted from our photoionization grids
into radial emissivity functions ǫ(r). For s = 0 models, both
Ncol and nH are constant throughout the BLR (§2). There-
fore, the relevant emissivities for such models comprise a
vertical ‘slice’ through a single nH, ΦH grid. We perform a
linear interpolation in log-space over ΦH to obtain ǫ(r). For
s = 2, the ionization parameter U is constant, nH ∝ r−2, and
Ncol ∝ r−4/3. Such models correspond to diagonal lines in
(nH, ΦH) space, with Ncol decreasing radially as per Equa-
tion 7. To obtain ǫ(r) for these models, we perform a linear
interpolation in log-space over ΦH, nH and Ncol.
With the emissivity distribution ǫ(r) in hand, we
numerically integrate equation 8 from rin to rout to obtain
the total luminosity for a given BEL (or diffuse continuum
band), assuming full coverage (Ω = 4π steradian) as seen
from the continuum source, at the BLR outer radius. A
reduced covering fraction (i.e., < 4π steradian) then corre-
sponds to a downwards linear scaling of the emission-line
luminosity.
3.4 Determining the Response Functions
The observed BLR emission signal is due to the integrated
emission of individual BLR clouds located at radii rin <
r < rout. Thus, the BLR responds to continuum varia-
tions over a distribution of time delays 0 6 τ 6 2rout/c;
the detailed shape of the emission line response function
will depend on BLR geometry and on viewing angle (e.g.,
O’Brien et al. 1994), as well as on the detailed gas physics.
(e.g., Goad et al. 1993). In addition, the measured emission-
line response will depend on the variability behavior (i.e.,
amplitude and characteristic timescale) of the ionizing con-
tinuum source (Goad & Korista 2014, see also §5.1).
For a given BEL, the luminosity-weighted effective ra-
dius of the BLR is given by the centroid of the differential
luminosity as a function of radius:
rǫ =
∫ rout
rin
rLline(r)dr∫ rout
rin
Lline(r)dr
. (13)
A similar relation can be defined for the diffuse continuum
bands, replacing Lline with λFλ, the monochromatic diffuse
continuum emission at r.
3.4.1 Why Responsivity Matters
If the emission of each BLR cloud varies linearly (though
not necessarily 1:1) with respect to the nuclear continuum
variations, and the clouds emit isotropically, rǫ would also
represent the observed effective reverberation radius. How-
ever, the responsivity and isotropy of realistic BLR clouds
depend on the local photoionization physics of the individual
clouds. We define the local responsivity η(r) for the contri-
bution Lline(r) to a given emission line from radius r as:
η(r) =
∆ log[Lline(r)]
∆ log[ΦH(r)]
. (14)
If 0 < η < 1 for all r, the line equivalent width decreases
when the continuum luminosity increases (i.e., an intrinsic
Baldwin effect, Goad et al. 2004), while η < 0 produces an
inverse correlation between line flux and continuum lumi-
nosity.
For s = 0 models, given our assumption that there is no
internal extinction or cloud–cloud shadowing in the BLR,
a change in ionizing flux corresponds to an instantaneous
‘shift’ of the clouds along the radial axis, allowing us to
measure η(r) directly for each Cloudy (nH,ΦH) grid as
η(r) = − δ log(ǫ)
2δ log(r)
; (s = 0), (15)
where the factor 2 is due to the radial dependence of the ion-
izing flux. For a constant steady-state ionization parameter
U (i.e., s = 2 models), as both nH and ΦH follow inverse-
square laws in radius, a small increase in flux corresponds
to a constant increase in U at all radii:
η(r) =
δ log(ǫ)
δ log(U)
; (s = 2). (16)
RM measures the effective radius of those BLR regions that
respond to luminosity variations. In the specific case of
η(r) = 1 for all r, the line equivalent widths remain con-
stant as the continuum luminosity varies, and the effective
variability radius of the BLR is equal to rǫ. Otherwise, the
measured time delays will approximately correspond to the
responsivity-weighted BLR radius,
rη =
∫ rout
rin
rη(r)Lline(r)dr∫ rout
rin
η(r)Lline(r)dr
. (17)
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In general, η(r) is luminosity-dependent. In the linear regime
(i.e., small fluctuations about some mean level), the respon-
sivity is simply the logarithmic slope of the ΦH versus ǫ re-
lationship at a given r. This linear approximation will break
down for large changes in continuum luminosity. Formally,
under these circumstances the responsivity corresponding
to a particular continuum level is best-determined directly
from a grid of photoionization model calculations.
3.4.2 Accounting for Anisotropic Emission
If the BLR clouds emit anisotropically, the expected values
of both rǫ and rη will be modified accordingly (e.g.,
Ferland et al. 1992; O’Brien et al. 1994). For example,
consider a BLR cloud located along the line of sight to the
observer. If this cloud emits isotropically, it will contribute
to the response function at a time delay τ = 0 relative to
the ionizing continuum. However, if this cloud emits only
from its inwards-facing surface, it is not observed, and does
not contribute to the response at τ = 0. On the other
hand, an identical cloud located on the opposite side of the
broad-line region will contribute to the response function
at a time delay τ = 2 r/c. Thus, while the steady-state
line luminosity is not affected by anisotropy (assuming
spherical symmetry), the line response is shifted towards
larger delays if the BLR clouds preferentially emit from
their illuminated face.
Following O’Brien et al. (1994), we define an anisotropy
factor, F (r) = ǫinwd(r)/ǫtot(r), where ǫinwd and ǫtot are the
inwards-facing emissivity and effective total emissivity for
the cloud, respectively. Isotropic emission corresponds to
F = 0.5. The value of F depends upon the local photoion-
ization physics for individual clouds, and thus are deter-
mined directly from our Cloudymodeling. The ‘observed
emissivity’ of a given cloud then depends on the fraction of
the inwards-facing and outwards-facing surfaces we observe.
Since the cloud geometry is unknown we choose an emission
line radiation pattern which approximates the phases of the
moon:
ǫobs(r, θ) = ǫtot(r) [1− (2F (r)− 1) cos(θ)] . (18)
Here, θ denotes the angle between the line of sight and the
cloud radial vector. Given that there is a linear mapping
between cos(θ) and the time delay τ at a given radius, we
numerically integrate out the angular dependence, and re-
formulate Equations 13 and 17 in terms of τ to obtain an
emissivity-weighted effective delay, τǫ, and a responsivity-
weighted effective delay, τη. These quantities correspond to
rǫ/c and rη/c, respectively, for isotropically-emitting clouds.
The total luminosity can then be recovered by integrating
dL(τ ) over 0 < τ < 2 rout/c, where dL(τ ) is the 1-d response
function. We note that, as the responsivity of a given emis-
sion line may be negative at some or all radii, the response
function may not have a well-defined responsivity-weighted
centroid τη; in practice, we find that s = 2 models tend to
display negative responsivity at large radii.
4 STEADY-STATE MODELS
As the available parameter space for our pressure-law BLR
models spans several orders of magnitude in ΦH, nH and
Ncol, we first determine which steady-state models are
roughly consistent with the observed luminosities of the
strongest UV and optical BEL in NGC 5548. This allows
us to exclude models for which the BEL emission is too
weak to be relevant for this test case. We then select two
representative models, one each for s = 0 and s = 2 (§4.1).
For these models we investigate the BEL responses (§4.2)
and, of particular relevance here, the relative contribution
and wavelength-dependent behavior of the diffuse contin-
uum (§4.3). Lastly, we examine the dependence of the dif-
fuse continuum luminosity, response functions, and mea-
sured lags, on the parameters nH, ΦH, and U , for the broader
class of s = 0 and s = 2 pressure laws (§4.4).
4.1 BEL Luminosities
Here, we determine the range of pressure law models able
to roughly reproduce the observed BEL luminosities. Ideally
we require our model integrated BEL luminosities (as calcu-
lated for a covering factor of 4π steradian) to exceed their
corresponding measured values. This is because our model
does not account for BLR self-shadowing, making it unreli-
able at high covering factors. Reducing the covering factor
corresponds to a linear scaling of the BEL luminosities, e.g.,
for a covering fraction of 4π/3 steradian, the model lumi-
nosities given by Equation 10 should exceed observations by
a factor 3.
4.1.1 Observed Line Luminosities:
We compare our models to the observed UV BEL
(De Rosa et al. 2015) and optical BEL (Pei et al. 2017) lu-
minosities for NGC 5548 during the 2014 AGN STORM
campaign. While Schlafly & Finkbeiner (2011) find a Galac-
tic reddening of E(B − V ) = 0.02 towards NGC 5548,
Kraemer et al. (1998) find that the narrow-line region in
NGC 5548 has an additional intrinsic reddening of E(B −
V ) ≈ 0.04. For consistency with previous photoionization
studies of this AGN (e.g., Korista & Goad 2000), and given
the uncertainty on the total (Galactic plus intrinsic) red-
dening of the BLR, we adopt E(B − V ) = 0.03. We de-
redden the observed luminosities using the reddening curve
presented by Cardelli et al. (1989), with R(V ) = 3.1. For
Civ and Hβ, we subtract a narrow emission-line compo-
nent from the observed BEL luminosities, as determined by
Korista & Goad (2000) and Peterson et al. (1991), respec-
tively; while the narrow emission line strengths for NGC
5548 have shown some variation on multi-year timescales
(Peterson et al. 2013), we only require a first-order correc-
tion for the purposes of this study. The inferred emission-
line luminosities, corrected for reddening and for narrow-line
emission, are listed in Table 1.
4.1.2 Model 1, Constant Density (s = 0):
We calculate the BEL luminosities produced by constant-
density (s = 0) models spanning the full range of hydro-
gen gas densities 7 6 log[nH /cm
−3] 6 14 and gas col-
MNRAS 000, 000–000 (0000)
Quantifying the Diffuse Continuum Contribution of BLR Clouds to AGN Continuum Inter-band Delays 9
7 8 9 10 11 12 13 14
log(nH/cm
−3)
1038
1039
1040
1041
1042
1043
L
li
n
e
[e
rg
s
−
1
]
Ly-α
C IV
Hβ
He II 4686
s=0
log(Ncol) = 22.5
1039 1040 1041 1042 1043
L(Ly-α) (erg s−1)
1037
1038
1039
1040
1041
1042
1043
L
(C
IV
)
(e
rg
s
−
1 )
log(nH) = 8
9
11
14
log(Ncol) = 22
log(Ncol) = 23
log(Ncol) = 24
Measured value
1039 1040 1041 1042 1043
L(Ly-α) (erg s−1)
1037
1038
1039
1040
1041
1042
1043
L
(H
β
)
(e
rg
s
−
1 )
7
log(nH) = 8
9
11
14
log(Ncol) = 22
log(Ncol) = 23
log(Ncol) = 24
Measured value
1039 1040 1041 1042 1043
L(Ly-α) (erg s−1)
1037
1038
1039
1040
1041
1042
1043
L
(H
e
II
46
86
)
(e
rg
s
−
1 )
7
log(nH) = 8
9
11
14
log(Ncol) = 22
log(Ncol) = 23
log(Ncol) = 24
Measured value
Figure 5. Top left: Model BEL luminosities as a function of nH (solid curves). Here we assume that the BLR covers 4pi steradian of the
continuum source (see discussion in §4.1). The measured broad emission-line luminosities for NGC 5548 (De Rosa et al. 2015; Pei et al.
2017) are shown as dashed lines. For the observed Civ and Hβ luminosities, we subtract a narrow emission-line component (see §4.1 for
details). The black vertical line shows log[nH /cm
−3]=10.75, corresponding to our Model 1. The main conclusion to be drawn here is
that the measured emission-line luminosities for Lyα, Civ and He ii 4686A˚ are exceeded for 9.75 > log[nH /cm
−3] > 12.25, while higher
densities are required to reproduce the Hβ luminosity (§4.1). Other panels: Predicted BEL luminosities for Civ (top right), Hβ (bottom
left) and He ii 4686A˚ (bottom right), relative to Lyα, for a grid of our s = 0 BLR models. Each of the three ‘tracks’ represents a single value
of log[Ncol /cm
−2]; the density nH ranges over 7 6 log[nH /cm
−3] 6 14, and increases in a counterclockwise direction. We indicate the
location of selected values of nH for the log[Ncol /cm
−2]= 22 track; the tracks with larger column densities have higher line luminosities
at low nH but are similar at high gas densities. As a visual aid, the dashed black lines indicate 1:1 line ratios. Black circles represent
the observed line luminosities for NGC 5548, after correcting for reddening and narrow-line contamination. In general, we note that gas
densities of log[nH /cm
−3]∼ 11 tend to maximize the line intensities, and that the relative intensities of the BELs investigated here are
not strongly sensitive to Ncol (as the ‘tracks’ are not widely separated) for the range of column densities explored here.
umn densities 22 6 log[Ncol /cm
−2] 6 24. A density of
log[nH /cm
−3] > 10 is required in order to produce suffi-
cient Civ luminosity to match the 2014 observations (Figure
5), and to produce stratification in the emission-line delays
(Figure 7). For a column density of log[Ncol /cm
−2]= 22.5,
our model emission-line luminosities can not simultaneously
exceed the measured Lyα, Hβ, Civ and He ii 4686A˚ BEL
luminosities (Figure 5, upper left). In terms of observed
line ratios, the model Hβ line is under-produced relative to
Lyα except at very high gas densities (log[Ncol /cm
−2]? 13).
While we do find one model that marginally exceeds the
observed luminosities of all four lines (namely, that with
log[nH/cm
−3] = 9 and log[Ncol /cm
−2]= 24), this extreme
case would imply a Compton-thick yet low-density BEL at
all r. The diameters of individual BLR clouds are ∼ 0.5
light-day for this extreme case; the smoothness of observed
BEL velocity profiles excludes such large sizes (e.g., Laor
2004). Thus, if the underlying photoionization modeling is
correct, a single s = 0 pressure-law component cannot ac-
count for the measured BEL strengths in NGC 5548. At
least one additional high-density (log[nH /cm
−3] ? 12.5)
component would be required to produce sufficient lumi-
nosity in all BELs. However, the underproduction of Hβ in
our models may instead be an issue with the treatment
of radiative transfer in our photoionization modeling. The
Cloudy algorithm uses the local escape probability for-
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malism, which becomes unreliable at the very high hydro-
gen optical depths typical of BLR clouds (Netzer 1990;
Kaspi & Netzer 1999). In the absence of an exact treat-
ment of radiative transfer, it is difficult to determine whether
the low Hβ line emission for single-component models actu-
ally implies the existence of additional BLR emission re-
gions with higher densities. All else equal, the simplicity
of a single-component model is attractive in the context of
studying the diffuse continuum component (§4.3).
We therefore define our Model 1 as an s =
0 pressure-law BLR with log[nH /cm
−3]=10.75 and
log[Ncol /cm
−2]=22.5; this model fulfills our luminosity cri-
terion for all of the strongest UV and optical BEL apart
from Hβ. Our choice of Ncol here is somewhat arbi-
trary; the emission-line luminosities and response function
centroids are only strongly sensitive to Ncol for low col-
umn densities, log[Ncol /cm
−2] < 22.5. Specifically, the ob-
served Civ, Lyα and He ii 4686A˚ luminosities are exceeded
for 10.25 <log[nH /cm
−3]< 11.25 for 22.5 6 Ncol 6 24.
4.1.3 Model 2, Constant Ionization Parameter (s = 2):
The family of constant ionization parameter (s = 2) mod-
els described here display an increasing column density and
increasing density towards the centre (Equations 3, 7). The
s = 2 models generally produce more BEL luminosity than
do the s = 0 models because they distribute a larger fraction
of the BLR clouds at large r (Figure 4), i.e., at lower inci-
dent ionizing photon flux, at which the optical recombina-
tion lines (Hα and Hβ) and Mg ii tend to have higher surface
emissivities. In contrast to our chosen s = 0 model, constant
U models are capable of exceeding the measured emission
line luminosities of all of the strong UV–optical emission
lines (including Hβ) for log(U) > −1.1 (Figure 6). We do
not explore models with logU < −2.1, as for these models
nH lies outside the bounds of our model grids for radii 6 rin.
We defineModel 2 as an s = 2 pressure law BLR with con-
stant ionization parameter log(U) = −1.23. This is the s = 2
model for which the Hβ and CivBEL luminosities are maxi-
mized (Figure 6). By construction, Model 2 has locally iden-
tical steady-state physical conditions (i.e., nH, Ncol and U)
to Model 1 at r20, where r20 ≈ 14.8 lightdays for NGC 5548.
For rin=1 lightday and rout=140 lightdays, Model 2 spans
21 > log[Ncol /cm
−2] > 24, and 8.8 < log[nH /cm
−3] < 13.1.
4.2 BEL Response Functions
We summarize the measured broad emission line delays
for the strong UV and optical emission lines for the AGN
STORM 2014 monitoring campaign in Table 1, and present
the response function centroids generated by our models in
Table 2. For Model 1, the lines tend to be most responsive
at lower ionizing photon flux, i.e., in the outer BLR. Thus,
we see τη > τǫ for Model 1. Model 2 tends to produce larger
emissivity-weighted response function centroids than Model
1; this is a direct consequence of the s = 2 pressure law dis-
tributing more coverage (and, therefore, more line-emitting
gas) at larger radii relative to the s = 0 models (Figure 4).
However, Model 2 has small (and often slightly negative)
line responsivities at large radii. Thus, the lines respond
most strongly in the inner BLR, and we have τη < τǫ for
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Figure 6. Model BEL luminosities for Lyα, Civ, Hβ, and
He ii 4686A˚, for the s = 2 (constant ionization parameter) steady-
state model. These values of Lline assume that the BLR covers
4pi steradian of the continuum source (see discussion in 4.1). The
measured emission-line luminosities (dashed lines) are exceeded
for ionization parameters log(U) > −1.1. The solid vertical line
indicates log(U) = −1.23, corresponding to our Model 2; for our
chosen normalization of Ncol, this value approximately maximizes
the line intensities.
Model 2. For Lyα, Civ and Hα the response functions are
positive in the inner regions but strongly negative at large
r for Model 2. They therefore lack a well-defined centroid;
however, the effective radius that would be measured using
RM observations can still be estimated by calculating the
BEL response to continuum variations, as we explore via
Monte Carlo modeling (§5).
For lines with a well-determined response function
centroid τη, both models produce values of τη that are
somewhat larger than the measured lags reported for the
strong UV and optical broad emission lines in NGC 5548
prior to the AGN STORM campaign (Cackett et al. 2015;
Bentz et al. 2010a; Denney et al. 2010; Peterson et al. 2002;
Korista et al. 1995; Clavel et al. 1991). For example, for
Model 1, we find a Hβ response function centroid of
τη ≈62 days, which is significantly larger than the Hβ lag
predicted by either the empirically determined global radius-
luminosity relationship (Bentz et al. 2013), or by the single-
object L(1350)A˚-Hβ RL relationship for NGC 5548 as deter-
mined by Kilerci Eser et al. (2015). Much of the discrepancy
with the pre-2014 RM results can be attributed to the vari-
ability behavior of the continuum source, as discussed in §5.
The AGN STORM campaign detected anomalously
short (given the source luminosity) BEL lags, of less than 10
days, for NGC 5548 in 2014. None of our s = 0 models pro-
duce Hβ response function centroids of less than ∼ 50 days
(Figure 7), nor do the s = 2 models with −2 6 log(U) >
−0.5. While s = 2 models with log(U) > −0.5 do produce
centroids at shorter delays (τη ≈ 10 days for Hβ), such mod-
els do not produce sufficient luminosity in Civ to match ob-
servations (Figure 6).
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Figure 7. The emissivity-weighted effective radii, rǫ (left panel), and emissivity-weighted delay τǫ (right panel), as a function of nH,
for s = 0 models with log[Ncol /cm
−2]=22.5. The delays shown in the right panel accounts for anisotropic emission from the BLR
clouds, which acts to increase the time delays relative to the isotropic case. In general, lower values of nH result in a BLR that emits
most efficiently at larger radii, increasing the emissivity-weighted delay. The black solid lines show the location of log[nH /cm
−3]=10.75 ,
corresponding to our Model 1.
4.3 The Diffuse Continuum for Models 1 and 2
Using Cloudy, we generate radial surface emissivity dis-
tributions ǫ(r, λ) for the DC emission at more than 60 dis-
crete wavelengths, sampling the UV to near-infrared regime
from λλ 910 A˚ – 41137 A˚. This range encompasses the Ly-
man limit to just beyond the K-band, the longest wave-
length band sampled from the ground in disk and dust
reverberation mapping studies (e.g., Kishimoto et al. 2007;
Mandal et al. 2018).
Each continuum wavelength is processed separately as
per the methodology described in §3. We first determine the
DC luminosity νLν(diff.) at each wavelength, by integrating
equation 8 from rin to rout (Figure 8, top panels), replacing
the emission line surface emissivity ǫ(r) with the monochro-
matic DC emissivity ǫ(r, λ). For both s = 0 and s = 2 mod-
els, the diffuse continuum represents a significant fraction of
the total continuum (incident+diffuse), contributing up to
∼40% of the measured continuum luminosity blue-wards of
the Balmer jump, assuming that the nuclear source is fully
covered by the BLR (more realistic covering fractions are
explored in §6). Furthermore, both models display strong
Balmer and Paschen continua, rising towards longer wave-
lengths, with a significant drop in emission redwards of the
Balmer (λ3648A˚) and Paschen (λ8204A˚) jumps.
Next we determine the wavelength-dependent response
functions for each of the DC bands. We include the effects of
responsivity (§3.4) and anisotropy (3.4.2) in the same fash-
ion as for the BELs. The inclusion of anisotropic emission
does not strongly affect the measured centroids for either
model; this demonstrates that the DC emits fairly isotrop-
ically. The Model 1 (s = 0) DC has a higher responsivity
at large radii, so τǫ < τη (Figure 8, bottom left). For Model
2 (s = 2), the DC is more responsive in the inner regions,
thus τǫ > τη for that model (Figure 8, bottom right). We
also highlight that the DC delays at wavelengths near Hβ
are significantly smaller (by a factor ∼2) than the delays
predicted for the Hβ BEL itself.
While the wavelength-dependence of the DC luminosi-
ties for the two models are broadly similar, their temporal
behavior is markedly different. For Model 1, the lags are
larger blue-wards of the Balmer and Paschen jumps, while
Model 2 displays the opposite behaviour, with elevated lags
red-wards of the jumps. Whether such differences in tem-
poral behaviour are ever realised in practice will depend on
the fractional contribution of the DC emission to the total
continuum emission Fdiff (see §5.4 for details).
4.4 Comparison of Diffuse Continuum Properties
for Pressure-Law BLRs
As noted above, our single-component pressure-law models
do not reproduce the measured emission-line luminosities
or their ratios for NGC 5548 in detail; multiple components
(spanning a broad range in density and/or ionization) would
be required. For this reason, we now extend the analysis
of §4.3 to encompass models spanning a broader range of
nH and U .
4.4.1 Density Dependence
We investigate the DC emitted by a range of s = 0 mod-
els spanning 8 6 log[nH /cm
−3] 6 14, with other param-
eters identical to Model 1. The behaviour of the DC de-
pends strongly on nH. At low densities, the gas is highly ion-
ized, and the reprocessed continuum is dominated by elec-
tron scattering, mostly free-free. For log[nH /cm
−3] = 8, the
DC luminosity is almost two orders of magnitude smaller
than that of the incident continuum, and is produced at
radii of ∼ 20 light-days (Figure 9, top panels). As nH
increases, the DC emission becomes more prominent, its
SED becomes dominated by the Balmer and Paschen con-
tinuum features (mostly free-bound recombination contin-
uum), and it is produced at larger radii, 20 > τη > 80
light-days (Figure 9, middle panels). The delay centroid
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Figure 8. Top: The specific luminosities λLλ for the diffuse BLR continuum components, as a function of rest-frame wavelength, for
Model 1 (s = 0, left panel) and Model 2 (s = 2, right panel). We also show the luminosities of the nuclear continuum as presented
by Mehdipour et al. (2015), and the total continuum that would be observed for these models, i.e., the sum of the nuclear and diffuse
components. Bottom: The effective emissivity-weighted (rǫ) and responsivity-weighted (rη) radii in units of lightdays, and centroids
of the emissivity–weighted (τǫ) and responsivity-weighted (τη) response functions in units of days, for the diffuse continuum response
functions, as a function of wavelength. As the response functions describe the response of the BLR to a delta-function pulse in the
continuum luminosity, their centroids do not take the variability properties of an AGN-like driving continuum into account; see Figure 12
for the corresponding driven lags. We note that for both models rǫ and τǫ almost overlap, as do rη and τη - this implies that the diffuse
continuum emits fairly isotropically at all radii.
τη shows a strong wavelength-dependence, with longer lags
blue-wards of the Balmer and Paschen jumps. At the high-
est nH, (log[nH /cm
−3] > 1012 cm−3) the BLR reprocesses
so much of the ionizing continuum that, for full source cov-
erage, the DC actually exceeds the brightness of the incident
nuclear continuum over much of the UV–optical regime. At
these high densities, unlike Hβ, the DC is dominated by
gas at small BLR radii (high incident ionizing photon flux),
and therefore responds on comparatively shorter timescales,
τη < 20 days (see also Korista and Goad 2001, their Fig-
ures 1a, 1b).
4.4.2 Ionization Parameter Dependence
We investigate a range of s = 2 models spanning −1.98 6
log(U) 6 0.52, altering the density normalization at r20,
and keeping the Ncol normalization the same as before, i.e.,
a high U model corresponds to a lower density normalization
at r20 (the highest U model shown here has a density at r20
of log nh = 9.0 cm
−3). For s = 2 models, the response func-
tion centroids τη(λ) show the opposite trend in wavelength
to s = 0 models, that is, τη(λ) is slightly smaller blue-wards
of the Balmer and Paschen jumps (Figure 10). The DC con-
tribution is not strongly sensitive to the ionization state of
the gas over a broad range in U , as the gas is cooled primar-
ily by line emission in this regime; the flux contours for the
DC bands on the nH–ΦH plane are widely separated (e.g.,
Figure 3). At high values of U the reprocessed continuum is
dominated by weak free-free continuum and electron scat-
tering and thus resembles a power-law. This continuum is
weak relative to the incident UV–optical continuum (< 1%
of the total), while the total line emission from such gas is
insufficient to match the measured broad emission-line lu-
minosities.
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Figure 9. Left panels: Specific luminosity of the diffuse (solid line) and incident (dashed line) continuum components, for s = 0
models spanning a range of nH, 8 6 log[nH /cm
−3] 6 14.The DC contribution is stronger, and the Balmer and Paschen features are
more pronounced, at higher nH. Right panels: the corresponding wavelength-dependent response function centroids τη(λ) for the diffuse
continuum, including the effects of anisotropy. For higher nH, the DC is efficiently emitted closer to the black hole, producing shorter
delays. As these quantities are measured from the response functions, they do not take the properties of the driving continuum into
account; see Figure 13 for the corresponding driven lags.
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Figure 10. Left panels: Specific luminosity of the diffuse (solid line) and incident (dashed line) continuum components, for s = 2 models
spanning a range of ionization parameter, 0.52 > log[nH /cm
−3] > −1.98. The DC emits more brightly for models with lower U . Right
panels: the corresponding wavelength-dependent responsivity-weighted centroid τη(λ) of the response function for the diffuse continuum,
including the effects of anisotropy. The temporal behavior near the Balmer and Paschen breaks for the s = 2 models is qualitatively
different to the s = 0 case (Figure 9). As these quantities are measured from the response functions, they do not take the properties of
the driving continuum into account; see Figure 14 for the corresponding driven lags.
5 MONTE CARLO MODELING OF BLR
LIGHTCURVES
The values of τ (λ) presented thus far, for both the broad
emission lines and reprocessed continuum, represent the
”steady-state” values. In practice such values are seldom (if
ever) realized because measured values depend not only on
where the lines and continuum form, but also on the nature
of the driving continuum (i.e. amplitude and characteris-
tic variability timescale), and on the precise details of the
monitoring program (e.g., campaign duration and sampling
rate). See Goad & Korista (2014) for details. A possible ex-
ception would be for a short sharp continuum event (i.e., a
delta-function pulse in the continuum). Here, we simulate an
ensemble of driving continuum light-curves that have sim-
ilar statistical properties to those observed for NGC 5548,
and combine these with the response functions of our BLR
models to obtain simulated light-curves for the broad emis-
sion lines and diffuse continuum bands. We then measure the
lags directly from the cross-correlation of our model light-
curves with the driving continuum light-curve, mimicking
a real observing situation. In general, this process results
in measured delays that are significantly shorter than the
”steady-state” values (as indicated by the centroid of the
response function).
For comparison with recovered response functions, we
here adopt a ”locally linear” response approximation, esti-
mating the marginal response of the emission lines (and dif-
fuse continuum bands) to continuum variations about their
steady-state (average) values. This approach is suitable (and
computationally less expensive) for small continuum varia-
tions about the mean, but becomes progressively poorer as
the amplitude of the continuum variations increases. Key
assumptions underpinning this method include:
• the driving ionizing continuum source as seen from the
BLR is point-like.
• there is a linear relationship (though not necessar-
ily 1:1) between the driving continuum variations and the
emission-line (or DC) response.
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• the emission-lines (or DC) respond effectively instanta-
neously to local variations in the incident ionizing continuum
flux.
• no new material is added or destroyed.
• the dominant timescale is the light crossing time.
• as the driving continuum varies, only its amplitude
changes, not its overall shape.
These assumptions are adopted for expediency only. For all
but the highest ionization lines, the assumption of a point-
like continuum source remains a valid approximation. SED
variations can and do occur, but are generally secondary
to changes in the ionizing continuum flux. A locally-linear
response can be justified provided the amplitude of the con-
tinuum variations remain small. Under these conditions, the
emission-line (or DC) light curve at time t, L(t) can be rep-
resented by the convolution of the emission-line (or DC)
transfer function Ψ(τ ) with the driving ionizing continuum
light-curve at previous times C(t− τ ) :
L(t) =
∫
∞
−∞
Ψ(τ )C(t− τ )dτ . (19)
Typically, this equation is solved in its linearized form,
∆L(t) =
∫
∞
−∞
Ψ′(τ )∆C(t− τ )dτ , (20)
with non-variable emission-line (DC) components consigned
to a background term.
5.1 Driving the BLR with a Model Continuum
On timescales of ∼ weeks to months, the continua of AGN
vary approximately as a damped random walk (DRW) in the
logarithm of the flux (e.g., Kelly et al. 2009; Koz lowski et al.
2010; Zu et al. 2013; Edelson et al. 2014). A DRW process is
characterized by a variability amplitude σDRW, along with
a damping (or characteristic) timescale Tchar upon which
it tends to return to the mean. For model BLRs driven
by DRW continua, Goad & Korista (2014) perform an in-
depth investigation of the influence of both the observational
constraints (campaign length, observational cadence), and
the DRW parameters, on the measured lags. The lag for
emission line lightcurves produced by their model BLR, as
measured using the interpolated cross-correlation function
(ICCF) method (White & Peterson 1994), is strongly de-
pendent on Tchar of the input continuum, in the sense that
short characteristic timescales lead to underestimated lags
(relative to the centroid of the response function). The mea-
sured lags approach the expected (i.e., steady-state) values
for Tchar > rout/c.
The continuum variability displayed by NGC 5548 over
the period 1989–1993 can be described as a DRW with char-
acteristic timescale Tchar ≈ 40 days and signal variance
σDRW = 0.04 (Collier et al. 2001). This damping timescale
is considerably shorter than the maximum light travel times
for our model BLR (i.e., 2rout/c = 280 days). It is therefore
important to take the continuum variability behavior into
account when comparing our model lags to measured val-
ues. To this end, we generate DRW continuum light-curves
with which to drive the BLR. For uniform sampling, the
DRW is equivalent to a discrete, autoregressive AR(1) pro-
cess (Kelly et al. 2009, as detailed in their Appendix); we
generate light-curves with a cadence of 1 rest-frame day, us-
ing the AR(1) algorithm to obtain the logarithm of the flux
in each subsequent time-step. Unless otherwise indicated,
the DRW continuum light-curves used in this work are gen-
erated using TDRW = 40 days and σDRW = 0.04, with a
campaign duration of 500 rest-frame days.
The BEL and DC light-curves, as driven by this ioniz-
ing continuum, are then generated by convolving the DRW
light-curve with the relevant BLR response function (§3.4)
representative of a particular emission line or diffuse con-
tinuum band. We show an example DRW continuum light-
curve, along with the driven BEL light-curves for four emis-
sion line species (Lyα, C iv, Hβ and Mg ii), in Figure 11.
These indicate a broad range in amplitude and delay, i.e, a
stratified and spatially extended BLR, as is commonly ob-
served.
5.2 Lag Determination via Cross-Correlation
Given the continuum and the BEL (or DC) light-curves
described in §5.1, we measure the as-observed lag, fol-
lowing the interpolated cross-correlation function (ICCF)
method (White & Peterson 1994), commonly used to deter-
mine lags for real RM campaigns (e.g., Kilerci Eser et al.
2015; Lu et al. 2016; Pei et al. 2017). We measure both the
peak value of the cross-correlation function (τCCF,peak) and
the centroid (τCCF,cent), determining the centroid over the
range in which the CCF coefficient exceeds 80% of its peak
value. We primarily work with τCCF,cent in our analysis, as
this measure is less susceptible to bias towards shorter lags
(Peˆrez et al. 1992a). The detailed shape of the CCF depends
strongly on the specific realization of the DRW continuum
(i.e., the continuum autocorrelation function, ACF), which
is stochastic in nature. We therefore generate 10000 realiza-
tions of the DRW continuum for each of our model BLRs,
and determine the CCF peak and CCF centroid for each
realization. This allows us to determine the mean and stan-
dard deviation of τCCF,cent for each BEL and each diffuse
continuum waveband, holding the DRW parameters Tchar
and σDRW constant. Quoted lags (Table 2, columns 7 and
8) represent the mean and standard deviation of the lag
distributions (peak and centroid), given 10000 DRW contin-
uum realizations. We assume measurement errors of 1% for
the driving continuum lightcurve, and of 5% for the BEL
(or DC) lightcurve.
5.3 CCF Lags for the Emission Lines
We show light-curves for four Model 1 BEL, as driven by
a single realization of the DRW continuum, in Figure 11.
For each BEL we show two light-curves, one of which is
generated for a response function that includes the effects
of line responsivity (§3.4.1); these effects tend to delay and
weaken the line response. Of the lines tested, the CivBEL
shows the strongest response, while the response of Mg ii is
negligible once the line responsivity is taken into account.
A weak response for Mg ii appears to be a general prop-
erty of photoionization model calculations (e.g., Goad et al.
1993). Observationally, Cackett et al. (2015) find for NGC
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Figure 11. Driving the BELs for model 1 using a Damped Random Walk continuum with Tchar = 40 days and σchar = 0.4 (§5.1). Here,
we show one example realization of the DRW continuum; in order to determine the average delays and their statistical uncertainties, we
generate 10000 realizations of this continuum lightcurve. Including the effects of anisotropic emission generally increases the observed
lag and decreases the response amplitude. As an extreme example, the Mg iiBEL responds very weakly in our model when anisotropic
emission is taken into account (i.e., the η-weighted lightcurve).
5548 that the Mg ii broad-line luminosity does not corre-
late with continuum variations. For a sample of 68 quasars
with multiple SDSS observations, Zhu et al. (2017) find
that Mg ii responds only weakly to continuum variations
(η ∼ 0.46). These findings may preclude the use of this line
for reverberation mapping studies, though we note that a
handful of significant lag measurements have been reported
for this line (e.g., Metzroth et al. 2006; Shen et al. 2016).
Further, while Mg ii line widths have been used as prox-
ies for the BLR velocity field in single-epoch MBH esti-
mates (e.g., Vestergaard & Osmer 2009; Shen et al. 2011),
for a fraction of objects, the Mg ii line width is not
representative of the Hβ line width, as is often assumed
(Vestergaard et al. 2011).
We present the BEL CCF centroids for Models 1 and 2
in Table 2. Much of the discrepancy between the response
function centroids (§4.2) and the pre-2014 observed lags can
be attributed to the variability behaviour of the continuum
source: for Hβ we retrieve a lag of τCCF,cent = 33.3±7.2 days
(Model 1), or τCCF,cent = 27.6 ± 12.8 (Model 2). Both are
formally consistent with the longest Hβ delays measured his-
torically for NGC 5548 (26.9+1.5
−2.2 days, Zu et al. 2011), which
are observed at continuum luminosities similar to those of
the 2014 campaign.
The lags obtained using the CCF method are, however,
still significantly larger than the values obtained by Pei et al.
(2017) for the 2014 campaign. The damping timescale is con-
siderably shorter during the 2014 campaign (≈12 days, as
measured from the Structure function by MG). We therefore
test the sensitivity of the measured Hβ lags to the damp-
ing timescale of our model continuum. While larger val-
ues of TDRW do yield larger lags, approaching τη (as also
found by Goad & Korista 2014), we find CCF centroids of
τCCF,cent ∼ 30 days (albeit with a larger standard devia-
tion of the lag distribution) even for small TDRW ∼ 5 days.
Thus, our pressure law models cannot reproduce the very
short lags observed in 2014, even allowing for an abnormally
short characteristic timescale for the driving continuum.
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Figure 12. Top: CCF peak lags and centroids for the BLR diffuse continuum component, in units of days, for Model 1 (s = 0, left panel)
and Model 2 (s = 2, right panel). To obtain the lags, we drive the steady-state BLR models using a nuclear continuum light-curve with
the logarithm of the flux following a damped random walk (DRW) with TDRW = 40 days and σDRW = 0.04, similar to the continuum
variation properties observed for NGC 5548 during 1989-1993. We repeat this simulation 10000 times; the lags presented are the mean
values of the lag distribution at a given wavelength. The pink shaded region displays the 1σ standard deviation of the CCF centroid
distribution at each wavelength. Bottom: Fdiff , the ratios of diffuse continuum λLλ (DC), to total continuum λLλ(incident+DC), as a
function of wavelength.
5.4 CCF Lags for the Diffuse Continuum
For Models 1 and 2, the recovered CCF centroids for the
DC (τCCF,cent, Figure 12, top panels) are a factor ∼ 2
smaller than the corresponding response function centroids
as derived in §4.3. This is the lag signal we would mea-
sure for the DC emission if it could be isolated from the
total continuum light-curve (incident + diffuse + constant
components). To first order, and assuming that the nu-
clear continuum has zero lag at the wavelength of inter-
est, we can determine a rough estimate for the measured
continuum lag as the product of the diffuse continuum lag
and the diffuse continuum fraction, τCCF,cent × Fdiff , where
Fdiff = Lν(diff.)/(Lν(diff.) + Lν(nuc.)). For example, if the
DC component dominates the measured continuum flux we
expect to measure a delay for the measured continuum bands
similar to that found for the DC. Conversely, for a weak DC
component, the continuum flux is dominated by the (in this
case lag-less) disk component, yielding zero delay. For inter-
mediate DC contributions, the measured continuum delay
will lie somewhere between these two extremes, depending
on the exact details of the driving continuum variations.
Given values of Fdiff in the range 0.1–0.3 (Figure 12,
bottom panels), the continuum for Models 1 and 2 will thus
lag the incident continuum by several days at wavelengths
short-ward of the Balmer and Paschen jumps. These es-
timates of the lag assume full coverage of the continuum
source by the BLR. The ratio Fdiff , and thus the observed
lag will, according to this prescription, scale linearly with
source covering fraction. The measured continuum lag may
therefore be smaller than that shown in Figure 12 by a fac-
tor ∼few. Note that here we neglect any intrinsic inter-band
continuum lag due to the accretion disk geometry. We ad-
dress both these issues in §6.
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5.4.1 Dependence of CCF Lags on nH for s = 0:
At log[nH /cm
−3]< 10, Fdiff is low, and thus the DC con-
tributes little to the delay signal (Figure 13, top panels).
As nH increases, the luminosity of the DC approaches and
eventually exceeds that of the nuclear continuum, i.e., Fdiff
increases with nH(Figure 13, right panels). We note that, for
log[nH /cm
−3]> 10, a substantial lag will be introduced into
the observed continuum, as the product τCCF,cent×Fdiff be-
comes non-negligible. While the higher-density models pro-
duce DC emission primarily at smaller radii, this effect is
balanced to some degree by the increase in Fdiff . In partic-
ular, for log[nH /cm
−3]> 10, the product τCCF,cent × Fdiff
yields lags of between 4–12 days immediately blue-wards of
the Balmer and Paschen jumps (assuming full source cover-
age).
5.4.2 Dependence of CCF Lags on log(U) for s = 2:
As noted in §4.4, the wavelength dependence of the response
function centroids for s = 2 models is in a sense ‘reversed’
compared to that of the s = 0 models, and tends to decrease
with increasing wavelength. While the strength of the DC
component is marginally larger for Model 2, the wavelength
dependence of the DC delays is a relatively weak function
of wavelength (Figure 14, left panels), while Fdiff depends
strongly on wavelength. The scaled lags therefore will tend
to show behaviour resembling that of Model 1, with delays
generally increasing with increasing wavelength, but with
less significant reductions in delay longward of the Balmer
and Paschen jumps.
The DC responds on very short timescales for high ion-
ization parameters log(U) ∼ 0; however, very little diffuse
continuum is produced at these ionization levels. On the
density-flux plane (nH, ΦH), the diffuse continuum contours
are widely spaced for log[U ] > 0 (roughly the bottom-right
regions for the continuum bands shown in Figure 3) and
thus the DC contribution is largely insensitive to U over
a broad range in ionization parameter, −1 ? log(U) ? −2.
For ionization parameters small enough to produce sufficient
BEL luminosity to match observations (i.e., log(U) > −0.5,
Figure 6), the product τCCF,cent×Fdiff is ∼ 2− 8 days blue-
wards of the Balmer and Paschen jumps, assuming full BLR
coverage.
5.4.3 Dependence of the Diffuse Continuum Lags on
TDRW:
To test the effect of the driving continuum behavior on
the measured DC lags, we repeat our measurements of
τCCF,cent for Model 1, applying a range of characteristic
DRW timescales, 5 days 6 TDRW 6 160 days. We keep the
variability amplitude constant at σDRW = 0.04. For small
values of TDRW, the DC lags we recover are between 50%–
100% smaller immediately shortward of the Balmer jump,
relative to the TDRW = 40 day realizations (Figure 15). Even
so, we find TCCF,cent ∼ 20 days for this wavelength region
even for TDRW ∼ 5 days. Thus, after scaling by the appro-
priate Fdiff and source covering fraction, we do expect to
observe some contamination of the observed lag spectrum
due to DC, even assuming very short variability timescales
for the driving nuclear continuum.
6 DISCUSSION
Our main finding is that for pressure-law models which
roughly reproduce the observed BEL luminosities, a sub-
stantial DC component is also present. Contamination of
the observed UV–optical continuum by this DC component
introduces a delay signature distinct from that arising in the
reverberating disk. This additional delay is of order ∼few
days, as estimated by the product of Fdiff × τCCF at the
Balmer continuum peak (Figures 13, 14). The only pressure
law models that do not introduce a substantial additional
lag signal are those with low gas densities (for s = 0 mod-
els) or high ionization parameters (for s = 2 models); such
models also fail to produce sufficient BEL flux to match the
observed emission-line luminosities.
6.1 The BLR Covering Fraction
The lags determined in §§5.3–5.4 assume that the BLR cov-
ers the entire continuum source, which is unphysical for
AGN where we observe the continuum directly; realistic
BLRs must have lower source coverage. The ratios of the
model emission-line luminosities to the observed luminosi-
ties provide a rough lower limit on the BLR covering fraction
allowed by the data for pressure-law density distributions.
For Model 1, the HβBEL is in any case under-luminous,
possibly due to limitations of the photoionization modeling
(§4.1). However, the observed Civ luminosity constrains the
covering fraction (as seen from the continuum source) to be
larger than ∼ 60% for Model 1. For Model 2, the covering
fraction must exceed ∼ 32% in order to produce sufficient
luminosity in all the BELs. Typical global BLR covering
fractions for AGN are ∼ 0.4, as inferred from the statistics
of intervening UV absorption lines (Dunn et al. 2007). Thus,
the required covering fractions are not unreasonable, given
our simple density distributions.
6.2 Combined DC and Disk Lag Spectrum
The DC lag spectra (scaled by Fdiff) are shown in Figure 16
(red dashed curves), assuming covering fractions of 60% and
33% for Models 1 and 2, respectively. A DC lag of this mag-
nitude can be differentiated from the standard X-ray disk re-
processing models due to the prominent Balmer and Paschen
features in the lag spectrum. Fausnaugh et al. (2016) find an
additional lag of ∼ 0.6− 1.2 days in their Swift u-band data
for NGC 5548, in comparison to the τ ∝ λ4/3 model. In a
qualitative sense, this resembles the signature of DC con-
tamination predicted by our models. To facilitate a quan-
titative comparison with the observed lags, we now make
a rough estimate of the lag spectra that are expected for
our Models 1 and 2, including the effects of illumination of
a temperature-stratified accretion disk by an X-ray corona.
For the disk reprocessing lags, we employ the wavelength –
disk size scaling relation presented by Edelson et al. (2017)
(their Equation 3):
r = ctAD ≈ 0.09
(
X
λ
1928A˚
)4/3
M
2/3
8
(
m˙Edd
η
)1/3
(21)
where λ denotes the wavelength observed, M8 is the black
hole mass in units of 108 M⊙, m˙Edd is the ratio of the
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Figure 13. Left panels: CCF centroids, in days, for the diffuse continuum component, for s = 0 models spanning a range of nH,
8 6 log[nH /cm
−3] 6 14. The CCF is determined using the interpolated-CCF method (§5.2), for 10000 realizations of a DRW driving
continuum (§5.1). The pink shaded region displays the 1σ standard deviation of the CCF centroid distribution at each wavelength. Right
panels: The diffuse continuum fraction, Fdiff = Lν(diff.)/(Lν (diff.) + Lν(nuc.)), for each model.
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Figure 14. Left panels: CCF centroids, in days, for the diffuse continuum component, for s = 2 models spanning a range in ionization
parameter, 0.52 > logU > −1.98. The CCF is determined using the interpolated–CCF method (§5.2), for 10000 realizations of a DRW
driving continuum (§5.1). The pink shaded region displays the 1σ standard deviation of the CCF centroid distribution at each wavelength.
For the log(U) = −0.48 model, the DC responds extremely weakly at wavelengths between 6500 A˚–8000 A˚, and the ICCF method fails
to find a centroid for almost all DRW continuum realizations. We therefore do not include the τCCF at wavelengths beyond than 6000
A˚ for this model. Right panels: The diffuse continuum fraction, Fdiff = Lν(diff.)/(Lν (diff.) + Lν(nuc.)), for each model.
accretion rate to the Eddington rate, and η is the radia-
tive efficiency. The accretion disk delay tAD is in units of
days. For NGC 5548, M8 = 0.52 (Bentz & Katz 2015); we
assume η = 0.1. The scaling factor X encapsulates the
mapping from disk surface temperature to effective wave-
length at a given accretion disk radius r; we assume a flux-
weighted radius based on the temperature stratification of
the Shakura & Sunyaev (1973) α-disk model, in which case
X = 2.49 (Fausnaugh et al. 2016). For each wavelength bin,
we calculate the weighted sum of tAD and the DC lags,
Total lag = (CF×Fdiff)τCCF,cent+(1−CF×Fdiff)tAD, (22)
where CF denotes the total covering fraction. We note that
this is merely a first-order approximation of the lag that
would result from a combined accretion disk and DC lag
signal; in particular, the assumption that the observed lag
scales linearly with the relative luminosities may not be valid
in practice. Nevertheless, this expression reduces to tAD for
small Fdiff , and to τCCF,cent for large Fdiff and covering frac-
tion, as expected.
We display the total lag spectra for Models 1 and 2, as-
suming the minimum covering fractions allowed by the ob-
servations, in Figure 16 (black dotted curve). Comparison
with the observed delays (Fausnaugh et al. 2016) is compli-
cated by the fact that most of these are derived from broad-
band photometry. Thus, each filter samples a range of de-
lays. To illustrate this effect, we estimate the observed delay
expected in the UVOT U bandpass, given our Models 1 and
2 with covering fractions of 60% and 33%, respectively (Fig-
ure 16, magenta stars). We calculate these delays by making
a weighted sum of the DC response functions at each dis-
crete wavelength probed by our photoionization modeling,
using weights corresponding to the normalized Swift UVOT
U filter throughput function. This yields an approximate re-
sponse function for the U bandpass, for which we generate
simulated U band lightcurves using a DRW driving contin-
uum, as per §5.4. We then estimate Fdiff for the U band
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Figure 15. Diffuse continuum CCF centroids, in days, for Model 1, but with driving continua spanning a range of damping timescales
TDRW. The CCF is determined using the interpolated-CCF method (§5.2), for 10000 realizations of each DRW driving continuum (§5.1).
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Figure 16. An estimate of the total lag spectrum (black dotted curves) comprising the accretion disk lag τAD (blue solid curves) and the
DC lag (red dashed curves), for the minimum source covering fraction allowed by the line luminosities, i.e., 60% for Model 1 (left panel),
and 33% for Model 2 (right panel). The accretion disk lag is calculated using Equation 21, assuming an Eddington ratio of 0.1. The total
lag is the weighted sum of the two components (Equation 22). Yellow circles indicate the measured total continuum lags for the 2014 AGN
STORM (Peterson, PI) RM campaign of NGC 5548 (Fausnaugh et al. 2016). Clearly, for spherically symmetric pressure law models that
generate sufficient BEL luminosity to match observations, the delay induced by DC contamination represents a significant contribution
to the total observed delay at a given UV-optical wavelength. To illustrate the effect of measuring inter-band delays using broadband
photometry, we estimate the observed lag in the Swift UVOT U bandpass for our Models 1 and 2 (magenta stars). The uncertainty on
the U band delay represents the standard deviation of the distribution of ICCF delay centroids obtained for 10000 realizations of the
DRW continuum, while the horizontal ‘error-bar’ represents the filter FWHM.
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as the weighted average Fdiff for the individual continuum
bands, again using weights corresponding to the normal-
ized filter throughput function. We calculate the observed U
band delay using Equation 22, including the weighted aver-
age tAD across the bandpass. For both models, our estimated
U band delay is somewhat shorter than the monochromatic
delay just bluewards of the Balmer break, as expected given
that the U band also samples the region redwards of the
Balmer break, for which the delay induced by the DC is
short. We do not include the effects of BLR kinematics in
this calculation. Rotational broadening will tend to smooth
out any sharp features seen in the delay spectrum (for ex-
ample, at the Balmer and Paschen jumps), but we expect
this effect to be negligible for the U band, for which the
continuum longward of the Balmer jump contributes only a
small fraction of the total light.
The accretion rate dependency of the underlying disk
delay spectrum introduces an additional uncertainty when
comparing to the observed lags. We assume M˙Edd = 0.1 for
the disk spectrum displayed in Figure 16; higher Eddington
ratios (or lower accretion efficiencies) produce steeper ac-
cretion disk lag spectra. Fausnaugh et al. (2016) argue that
M˙Edd is unlikely to be much higher than 0.1 for NGC 5548
in 2014, unless the disk is seen very close to edge-on. Given
these uncertainties, the simplicity of our pressure-law mod-
els, and choice of BLR geometry, we do not expect an ex-
act correspondence between the predicted and observed de-
lay spectra. In particular, Model 1 predicts total (disk plus
DC) delays that roughly match the observed delays in the
far-UV and the optical regimes, while the model lags near
the Balmer continuum feature exceed the measured values.
Model 2 matches the observed delays only in the far-UV.
However, a significant delay contribution from DC emission,
with a similar gross wavelength dependence, is likely ubiq-
uitous for pressure law models capable of emitting strong
broad-line flux (§5.4). These results strongly suggest that
DC contamination is responsible for a substantial fraction
of the observed delays across the entire UV-optical spectral
region, and not just at the Balmer continuum feature. Thus,
DC contamination must be taken into account when inter-
preting the larger than expected accretion disk sizes inferred
from continuum reverberation mapping (§1.1). Indeed, for
the nearby Seyfert 1 galaxy NGC 4593, Cackett et al. (2018)
find strong evidence for the DC Balmer continuum feature in
their inter-band spectroscopic (HST ) and Swift delay spec-
trum. Given the strength of this feature, they suggest that
there may be a significant DC contamination of the de-
lay spectrum at all UV-optical-NIR wavelengths. That is
not to say that DC contamination is the only significant
cause of the observed long delays. In particular, scattering
effects in the accretion disk atmosphere may influence the
observed delays and their wavelength dependence, produc-
ing increased inter-band delays for the standard disk geome-
try (Hall et al. 2018). Non-standard accretion disks are also
a distinct possibility. For example, Starkey et al. (2017) sug-
gest that the observed delays for NGC 5548 may be due to
a tilted inner-disk geometry (Nealon et al. 2015).
We emphasize that these single component pressure-law
models are intended to grossly match the observed emission-
line luminosities and not their detailed temporal behav-
ior. Kaspi & Netzer (1999) study the temporal behavior of
s = 2 pressure law BLR models. Their models reproduce
the observed steady-state luminosities and typical delays for
the strongest UV BEL (excluding Hβ), but do not repro-
duce the observed BEL lightcurves for NGC 5548 in detail.
Thus, while pressure laws capture the gross properties of real
BLRs, additional model complexity and/or deviations from
spherical symmetry are required to reproduce all salient fea-
tures. For this reason we do not attempt to ‘fit’ our models
(e.g., varying the normalizations of nH and Ncol along with
the covering factor) to the observed inter-band continuum
delays.
6.3 Atypically Small BEL Lags for NGC 5548
The BEL lags measured during the 2014 campaign are un-
usually small, given the continuum luminosity at the time
(Pei et al. 2017). Our models cannot simultaneously pro-
duce sufficient BEL luminosity to match observations, and
produce Hβ lags of order ∼ 5 days. One possible explanation
for the short observed BEL lags is that the nuclear contin-
uum lacks variational power on sufficiently long timescales
during this campaign; this may decrease the measured BEL
lags (e.g., Goad & Korista 2014). However, we do not find
that adopting small values of TDRW reduces the Hβ lags pro-
duced by our model sufficiently to explain the lags observed
in 2014.
In early 2000 NGC 5548 went into an historic low-state
during which the strong broad UV emission-lines, most no-
tably C iv disappeared. We speculate that during this time
the nuclear region became enshrouded with gas and dust.
Large dust grains are robust to destruction by UV photons.
Thus when climbing out of this low luminosity state, the de-
struction of UV photons on grains will reduce the strength
of the emission-lines relative to what one would normally
expect for the same continuum luminosity. The reduction
in the strength of the C iv emission-line core relative to
the emission-line wings in NGC 5548 during 2014 c.f. 1993,
when the continuum luminosity was of similar strength, is
consistent with this expectation.
Our models suggest that the diffuse continuum contam-
ination induces some additional delay in the observed far-
UV continuum. We note that Pei et al. (2017) determine
the Hβ lags relative to the continuum lightcurves at 1150
A˚ and at 1367 A˚. At these wavelengths the additional lag
induced by the diffuse continuum is less than 0.5 day for
Model 2. For Model 1, the HI Rayleigh scattering feature in
the DC produces significant additional lag in a narrow peak
near these continuum bands (Figure 16). While we do not
include kinematics in our models, this feature would be rota-
tionally broadened in a real BLR. Even making the extreme
assumption that the Rayleigh feature causes a ∼ 2-day shift
in the adopted ‘zero lag’ bandpass relative to the true ion-
izing continuum lightcurve, it is still insufficient to explain
the measured ∼ 5-day lags in relation to the expected values
at this continuum luminosity.
7 CONCLUSION
Our conclusions are as follows.
(1) For conditions thought relevant to the BLR
of Seyfert 1 galaxies, simple radial pressure-law models
with spherical geometry can broadly match the observed
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emission-line luminosities and variability behaviour of the
majority of the strongest broad UV and optical emission
lines. These models span 1–140 light-days in BLR radius,
and require large (30–60%) covering fractions.
(2) Pressure-law models able to reproduce (or exceed)
the observed emission-line luminosities also produce a signif-
icant amount of diffuse continuum emission over the entire
UV–optical wavelength regime. Thus, the behavior of the
diffuse continuum must be taken into account when inter-
preting observed continuum inter-band delays in terms of
accretion disk sizes. In our models, the diffuse continuum is
produced over a broad range in radii, and shows a strong
wavelength dependence. The bulk of the diffuse continuum
originates in high density, moderately ionized gas, i.e., at
radii smaller than the typical formation radius of Hβ.
(3) After accounting for the fractional contribution of
the wavelength-dependent diffuse continuum to the total
continuum emission, we find additional lags of ∼a few days
relative to the disk reprocessing model. The wavelength de-
pendence of the delays produced by our models qualita-
tively resembles the measured inter-band continuum delays
in NGC 5548. In particular, our models produce excess de-
lays above the underlying disk power-law in the vicinity of
the Balmer continuum, and a sharp drop in the delay signa-
ture long-ward of the Balmer jump, in agreement with the
inferred delay spectra (Edelson et al. 2015; Fausnaugh et al.
2016). While we do not attempt to match the observed inter-
band delays in detail, the elevated delays due to the diffuse
continuum can roughly account for much of the discrep-
ancy between observations and the predictions of reprocess-
ing models. Better constraints on the covering fraction for
the BLR, and on its radial density distribution and geom-
etry, would help constrain the expected diffuse continuum
lag spectrum.
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Table 1. Observed Lline and line lags for NGC 5548
Line log[Lline] Lag Reference
[days]
(1) (2) (3) (4)
Lyα 42.4 6.2+0.3
−0.3 de Rosa+
Civ 42.6 5.3+0.4
−0.5 de Rosa+
Hβ 41.7 6.14+0.74
−0.98 Pei+
He ii 1640A˚ 41.7 2.5+0.3
−0.3 de Rosa+
He ii 4686A˚ 40.7 2.46+0.49
−0.25 Pei+
Note. — (1) Broad emission line name. (2) Log of
the line luminosity in units of erg s−1, corrected for
Galactic reddening and with narrow-line components
subtracted; we use the decompositions presented by
Korista & Goad (2000) for the UV lines, and those of
Peterson et al. (1991) for the Balmer lines. (3) Ob-
served CCF centroid for the 2014 RM campaign, as
measured using the ICCF method. (4) References:
De Rosa et al. (2015), Pei et al. (2017).
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Table 2. Steady-state Models
Line log[Lline] rǫ rη τǫ τη τCCF,peak τCCF,cent
[lightdays] [lightdays] [days] [days] [days] [days]
(1) (2) (3) (4) (5) (6) (7) (8)
Model 1: s = 0, log[nH /cm
−3]=10.75, log[Ncol /cm
−2]=22.5
Lyα 42.8 36.2 46.5 47.7 61.6 35.7±6.6 39.4±8.6
Civ 42.7 20.9 35.0 24.6 40.9 29.7±3.5 33.6±4.8
Hα 41.9 58.9 70.2 68.3 81.4 41.2±25.6 44.9±24.4
Hβ 41.3 46.3 52.8 56.0 63.6 34.1±4.7 33.3±7.2
He ii 4686A˚ 41.1 21.4 30.1 22.3 31.2 17.6±1.2 20.5±2.7
Mg ii 42.0 74.4 101.3 92.7 126.8 76.8±65.7 77.4±65.1
Model 2: s = 2, log(U) = −1.23, log[Ncol /cm
−2](r20)=22.5, log[nH /cm
−3](r20)=10.75
Lyα 43.1 50.5 Cx 50.5 Cx 28.6± 3.6 29.8± 3.8
Civ 43.1 51.0 Cx 55.5 Cx 32.9± 10.7 36.1± 10.6
Hα 42.0 53.7 Cx 59.0 Cx 21.7± 10.2 22.4± 10.6
Hβ 41.4 53.7 32.4 57.9 34.3 23.3± 10.1 27.6± 12.8
He ii 1640A˚ 42.2 56.7 39.4 63.9 47.8 36.0± 19.8 40.4± 19.1
He ii 4686A˚ 41.3 54.3 37.3 54.6 37.8 26.0± 8.1 30.6± 9.7
Mg ii 41.2 22.2 35.9 24.0 37.3 −25.2± 89.8 −25.2± 89.6
Note. — The responsivity of the Mg ii BEL in our models is very low; thus, the CCF lags measured for that
line are highly uncertain, and would not be accurately measurable in a real observing situation. (1) Broad
emission line name. (2) Log of the line luminosity in units of erg s−1, for a BLR covering 4pi steradian of
the continuum source. (3) Emissivity-weighted BLR radius, in units of lightdays. (4) Responsivity-weighted
BLR radius, in units of lightdays. ‘Cx’ denotes lines which have negative repsonsivity for a non-negligible
fraction of the radial extent of the BLR; the integrated line luminosities may respond positively or nega-
tively to continuum changes, and their response functions do not have a well-defined responsivity-weighted
centroid. (5) Emissivity-weighted transfer function centroid, in days, allowing for anisotropic emission. (6)
Responsivity-weighted transfer function centroid, allowing for anisotropic emission. ‘Cx’ denotes lines which
have negative repsonsivity for a non-negligible fraction of the radial extent of the BLR. (7) Mean CCF
peak delay time for the continuum versus line response, using response functions that include the effects of
local anisotropy and responsivity. The BEL are driven using a Damped Random Walk continuum with a
500-day baseline (§5.1). The measurement is repeated for 10000 realizations of the DRW continuum; for each
realization, the CCF is obtained using the methodology of White & Peterson (1994) (§5.2). The uncertainty
shown is the standard deviation of the peak values. (7) Mean CCF centroid, and its standard deviation, for
10000 realizations of the DRW continuum.
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